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Summary background:Montmorillonite (Mt) as a low-cost and high-efﬁcient adsorbent for cationic dyes has a
promising application in dye wastewater treatment. However, proper disposal of the usedMt is critical to its ap-
plication.
Objective: In thiswork, the usedMt after the adsorption of crystal violet (CV)was calcined under the protection of
N2, with the purpose of transforming the used Mt into carbon monolayer–Mt nanocomposites.
Methods:Mt, the usedMt after CV adsorption, and the calcinedMt have been characterized by XRD, FTIR, Raman
spectra, thermal analysis and elemental analysis.
Results: X-ray diffraction results showed that calcination led to the decrease of basal spacing of the usedMt from
2.06 nm to 1.34 nm. As such, the interlayer spacing of the calcinedMt is 0.38 nm, close to the thickness of a single
graphene layer (0.34 nm), suggesting the formation of carbon monolayer within the interlayer space of Mt. FTIR
characterization results showed that the infrared absorption bands of CV, which were clearly displayed on the
infrared spectra of the used Mt, disappeared after the calcination. On the other hand, Raman spectra clearly
showed the presence of D-band and G-band on the calcined Mt. These spectroscopy characterization results
further proved the formation of carbon monolayer within the interlayer spaces of Mt. Elemental analysis results
showed that about 40% carbon and 22% nitrogen from CVwere transformed into the carbonmonolayer at 600 °C
calcination, and the transformation ratios decreased to 37% and 12% respectively at 800 °C calcination. Therefore,
the obtained carbon monolayer was an N-doped graphene-like material.
Conclusions: As such, this work provided an easy way to transform the used Mt after the adsorption of cationic
dyes into carbon monolayer–Mt nanocomposites.© 2014 Elsevier B.V. All rights reserved.1. Introduction
Montmorillonite (Mt) is a 2:1 type clay mineral composed of one
octahedral sheet sandwiched by two tetrahedral sheets. Due to isomor-
phous substitution, Mt layer contains negative charge, which is
balanced by inorganic cations (e.g., Na+, Ca2+) within Mt interlayer
spaces. These inorganic cations are exchangeable, making Mt efﬁcient
adsorbent for various cationic contaminants, e.g., heavy metal cations
(Bhattacharyya and Gupta, 2008; He et al., 2001) and cationic dyes
(Gupta and Suhas, 2009). Numerous studies have shown that Mt can
be used as promising adsorbent for dye wastewater treatment due to
its low-cost and high-efﬁciency (Gupta and Suhas, 2009; Nir et al.,
1994; Wei et al., 2009). Wei et al. (2009) showed that the adsorption
capacity of crystal violet (CV) on Mt can reach 1.7 times of its cationic
exchange capacity (CEC), even better than that of activated carbon.
However, proper disposal of the used Mt is critical to the wide applica-
tion of Mt in dye wastewater treatment. Because of the strongelectrostatic interaction between cationic dyes and Mt, desorption of cat-
ionic dyes from the used Mt can be very difﬁcult. Nir et al. (1994) showed
that the binding coefﬁcients of CV to Mt can be several order larger than
that of inorganic cations. As such, traditional regeneration methods based
on desorption (e.g., ion exchange) are not efﬁcient for recovering the
used Mt. Direct landﬁll disposal of the used Mt will not only cause serious
environmental pollution, but also be a huge waste of Mt resource. There-
fore, it is urgent to ﬁnd proper methods to dispose the used Mt.
Recently, nanocomposites synthesized by incorporating
nanomaterials into the interlayer spaces of clay minerals have
drawn increasing attention due to their special physicochemical
properties and potential applications in various ﬁelds (Gómez-
Avilés et al., 2010; Kyotani, 2006; Ruiz-Hitzky et al., 2011; Santos
et al., 2010). This type of nanocomposites can be obtained by directly in-
tercalating nanomaterials within the interlayer space of clay minerals
(Gournis et al., 2004, 2006; Tsouﬁs et al., 2013), or by in-situ transforming
the pre-intercalated materials into nanomaterials (Ma et al., 2013;
Ruiz-Hitzky et al., 2011; Xu et al., 2013; Zhang et al., 2012). Generally,
the direct intercalation method is only applicable for very small
nanomaterials, e.g., fullerene and its derivatives (Gournis et al., 2004,
Table 1




CV–Mt The used Mt after CV adsorption
C–Mt600 CV–Mt calcined at 600 °C
C–Mt800 CV–Mt calcined at 800 °C
Mt600 Mt calcined at 600 °C
Mt800 Mt calcined at 800 °C
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draws more attention (Fernandez-saavedra et al., 2008; Ruiz-Hitzky
et al., 2011; Xu et al., 2013; Zhang et al., 2012). One example is the in-
situ synthesis of 2D carbon nanomaterials within Mt interlayer spaces.
Thanks to its layered structure, expandable interlayers, and chemically
inert siloxane surface, Mt has been considered as ideal template for in-
situ transforming pre-intercalated carbon-rich organic compounds into
2D carbon nanomaterials (Bakandritsos et al., 2004, 2005; Barata-
Rodrigues et al., 2003; Sakintuna and Yurum, 2005; Xu et al., 2013;
Zhang et al., 2012). Polymers have most often been used as precursor in
previous studies. After calcining at high temperature (e.g., 400–
900 °C) under the protection of N2, the intercalated polymer can be
transformed into carbon monolayer within the interlayer spaces of Mt
(Bakandritsos et al., 2004, 2005; Bandosz et al., 1994, 1996; Xu et al.,
2013; Zhang et al., 2012). The resulting carbon monolayer–Mt nano-
composites themselves show special physicochemical properties and
applications (Anadão et al., 2011; Bakandritsos et al., 2004, 2005;
Zhang et al., 2012), and can be used for synthesizing derivative
nanomaterials as well (Xu et al., 2013; Zhang et al., 2012). For example,
2D graphene-like nanomaterials can be obtained by removingMt layers
(Xu et al., 2013). These studies enlighten us that the used Mt could
be easily transformed into carbon monolayer–Mt nanocomposites by
calcination. Compared to the polymers used in previous studies,
cationic dyes have much smaller molecular size and lower loading
amount on Mt. As such, the transformation behaviors of cationic dyes
may be different and remains to be clariﬁed.
In thiswork, CVwas selected as a representative of cationic dyes, and
after its adsorption to Mt, the resulting used Mt (CV–Mt) was collected
and calcined under N2 protection at 600 or 800 °C. Structural character-
istics of the calcined Mt (C–Mt) were studied using X-ray diffraction
(XRD), thermogravimetry analysis (TG), Fourier transform infrared
spectroscopy (FTIR), and Raman spectroscopy. In addition, the contents
of carbon and nitrogen on CV–Mt and C–Mt were determined to
calculate the transformation efﬁciency of carbon and nitrogen into 2D
carbon nanomaterials. Results of this work showed that the adsorbed
CV successfully transformed into N-doped carbon monolayer within
the interlayer space of C–Mt. Therefore, this work provides a practical
way to dispose the used Mt.
2. Materials and methods
2.1. Materials
Mt (purity N 95%) was from Inner-Mongolia, China, with the struc-
tural formula of Na0.016 K0.020Ca0.392[Al2.518Fe0.450 Mg1.104Ti0.360Mn0.004]
[Si7.910Al0.090]O20(OH)4 · nH2O (Zhu et al., 2007, 2011). Its net charge is
−0.82e per unit cell and CEC is 108 cmol/kg. CV is of analytical grade
and supplied by Shanghai Chemical Co. (China). Both Mt and CV were
used as received.
2.2. Calcination of the used Mt
Adsorption experiments were carried out according to the methods
described in previous studies (Wei et al., 2009), and the adsorption
isotherm of CV onMt was plotted (Fig. 1S). According to the adsorption
results, the CV–Mt with CV loading amount of about 450 mg/g was
collected and air-dried. This loading amount was chosen because it
was close to themaximumadsorption capacitywhile the corresponding
equilibrium concentration of CV was very low.
Then, TG analysis of the collected CV–Mt was conducted on a
Netzsch STC 409 PC thermal analysis instrument under N2 atmosphere,
and the sample was heated from room temperature to 1000 °C at a rate
of 10 °C/min. According to the obtained TG results, calcination temper-
ature of CV–Mtwas set to 600 or 800 °C, asmass loss became very small
after 600 °C (although it continued). The calcination was conducted
under N2 protection for 3 h. After cooling down to room temperature,the resulting samples were collected for structural characterization.
According to the calcining temperature, the resulting calcined samples
at 600 and 800 °Cwere denoted as C–Mt600 andC–Mt800, respectively.
Raw Mt was also calcined at 600 or 800 °C, and the resulting samples
were denoted as Mt600 and Mt800, respectively. For clarity, the
meanings of all the abbreviations are shown in Table 1.
2.3. Structural characterization of the calcined Mt
The basal spacings ofMt, CV–Mt, C–Mt, and calcinedMtwere detect-
ed using X-ray diffraction (XRD). Sample powders were pressed on
sample support and followed immediately by XRD measurement on a
Bruker D8 ADVANCE X-ray diffractometer. The measurements were
operated at 40 kV and 40 mA with Cu Kα radiation, and the 2θ range
between 1° and 25° was recorded with a scanning speed of 2°/min.
FTIR characterization was carried out on a Brucker Vertex-70 FTIR
spectrophotometer. The spectra over the range of 4000-400 cm−1
were recorded with a resolution of 1.0 cm−1. 0.9 mg sample together
with 80 mg KBr was milled to ﬁne powder using a mortar and pestle,
and then 50 mg of the milled powder was made into a fragile pellet
using a compressionmachine. The pellet was placed inside a supporting
cell for analysis. 64 interferograms were collected for each analysis.
Raman spectra were acquired using a LabRAM Horiba JobinYvon
spectrometer equipped with a CCD detector and a He–Ne laser
(532nm) at 15mWin order to avoid anydamaging of samples. Allmea-
surements were recorded in the wavelength range of 100–4000 cm−1
under the same conditions (24 s acquisition time) using a 50×
magniﬁcation objective and a 300 μm pinhole.
Elemental analysis of carbon and nitrogen was performed on an
Elementar Vario EL III Universal CHNOS Elemental Analyzer. Samples
about 2 mg were packed in tin boats and burnt inside the equipment
under a pure O2 environment. The produced CO2 and NOx gases were
passed through a column of elemental copper, wherein NOx gases
were reduced to N2. Concentrations of the resulting CO2 and N2 were
detected as a function of their thermal conductivities.
TG analysis of Mt, CV, and C–Mt was also characterized, under the
same conditions as described above for CV–Mt. Derivative thermogravi-
metric (DTG) curves were obtained by derivative weight loss.
3. Results and discussion
3.1. Thermal analysis results
Thermal analysis has quite often been used to explore the structural
characteristics of various organic cations intercalated smectite (Xi et al.,
2005, 2007; Yariv et al., 2004, 2011). Numerous studies have shown that
organic cations within the interlayers of smectite have better thermal
stability (i.e., higher thermal decomposition temperature) (Xi et al.,
2005; Yariv et al., 2004, 2011; Zhu et al., 2008). TG analysis results of
Mt, CV, CV–Mt, C–Mt600, and C–Mt800 were compared in this study.
Three major mass loss steps on TG curve of Mt, correspondingly show-
ing three DTG peaks at 99, 143, and 622 °C (Fig. 1a), arise from the
desorption of water, dehydration of the hydrated cations, and the
dehydroxylation of Mt, respectively (Rouquerol et al., 2013; Xi et al.,
Fig. 1. TG and DTG curves of Mt (a), CV (b), CV–Mt (c), C–Mt600 (d), and C–Mt800 (e).
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tinues up to 500 °C (Fig. 1b). Within this temperature range, four obvi-
ousmass loss steps can be observed. The ﬁrst step with the DTG peak at
83 °C should be ascribed to the loss of adsorbed water molecules (and
maybe some small organic impurities as well). Other three steps with
DTG peaks at 239, 413, and 495 °C should arise from the decomposition
of CV. The mass loss in the temperature range above 500 °C becomes
less obvious (≈5%), which corresponds to a slow carbonization process.
Finally, approximately 30% of CV transformed into carbonized material
after the temperature reached 1000 °C.
With respect to CV–Mt, it also involves themass loss steps of desorp-
tion of water molecules (with DTG peak at 83 °C), decomposition of CV
(with DTG peaks at 271, 422, and 496 °C), dehydroxylation of Mt, and
slow carbonization of CV (Fig. 1c). Since the dehydroxylation step of
Mt overlaps with the decomposition and slow carbonization steps, its
occurring temperature can be hardly distinguished. Mass loss of water
molecules for CV–Mt is obviously less than that for Mt, indicating more
hydrophobic characteristics of CV–Mt. In addition, CV decomposition
temperature increased tens of degrees on CV–Mt, suggesting a protec-
tion effect of Mt layers for the decomposition of CV, consistent withprevious ﬁndings about the decomposition of intercalated organic
cations (Xi et al., 2005; Yariv et al., 2004, 2011; Zhu et al., 2008). After
the temperature rose to above 600 °C,mass loss of CV–Mtbecomes less ob-
vious, although it still continues. Therefore, the transforming of CV–Mt into
C–Mt may be well achieved at 600 °C. For comparison, the calcining tem-
peratures at both 600 and 800 °C were considered in this work.
TG and DTG curves of the obtained C–Mt600 show that a mass loss
step corresponding to water desorption appears mainly at around
85 °C (Fig. 1d). After that, slowmass loss continues in thewhole heating
process. With respect to C–Mt800, however, no evident DTG peak
corresponding to water desorption can be observed (Fig. 1e), and slow
mass loss progresses with increasing temperature. Mass loss due to
water desorption is clearly larger for C–Mt600 than for C–Mt800,
indicating that the latter sample is more hydrophobic. The mass loss
other than water is also larger for C–Mt600.
3.2. XRD characterization results
XRD has been proved to be one of the most powerful tools for















Fig. 3. FTIR spectra of Mt, CV, CV–Mt, C–Mt600, Mt600, C–Mt800, and Mt800.
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track the structural evolution of Mt at different stages, the XRD patterns
of Mt, CV–Mt, C–Mt600, and CV–Mt800 are compared (Fig. 2). In
addition, the XRD patterns of Mt600 and Mt800 are presented as well.
The obtained XRD pattern for Mt indicates a typical Ca2+ form Mt
with two water layers within the interlayer space. After the adsorption
of CV, basal spacing of the resulting CV–Mt increased to 2.06 nm, sug-
gesting that large amounts of CV have been uptaken into the interlayer.
By subtracting the thickness of Mt layer (0.96 nm) from the basal spac-
ing of CV–Mt, the interlayer spacing of 1.1 nm can be obtained for CV–
Mt.
Calcination of CV–Mt leads to a signiﬁcant change of basal spacing
(Fig. 2). C–Mt600 shows a weaker basal reﬂection with larger 2θ
value, which corresponds to a basal spacing of 1.34 nm. Accordingly,
the interlayer spacing can be calculated by subtracting the thickness of
Mt layer from the basal spacing, and the resulting value of 0.38 nm is
close to the thickness of one graphene layer (0.34 nm). Taking the
VDW radii of O atom into consideration, the diameter of accessible
ditrogonal cavity on the siloxane surface is ~0.25 nm, much smaller
than the VDW diameter of C atoms (0.34 nm), which indicates that C
atoms cannot migrate into the ditrogonal cavities. In addition, the for-
mation of bonds among the C atoms will further prevent the trap of
these atoms into the ditrogonal cavities. As such, one can propose that
the calcined CVmaterial within the interlayer space of C–Mt is a 2D car-
bon monolayer (i.e., with graphene-like structure). Further increasing
calcination temperature to 800 °C only slightly weakens the intensity
of the basal reﬂection, while the 2θ value remains the same, indicating
the formation of similar 2D carbon monolayer within the interlayer of
C–Mt800. This is consistent with the thermal analysis result of CV–Mt,
which shows very little mass loss in the temperature range 600 to
800 °C.
It is interesting to compare the XRD patterns of the calcinedMt with
or without CV. The XRD pattern of Mt600 shows a very weak basal
reﬂection with the corresponding basal spacing of 0.97 nm, indicating
most of its layers have collapsed. As for Mt800, no basal reﬂections
with 2θ value smaller than 10° can be observed anymore, suggesting
that the layer structure of Mt has been destroyed and Mt may become
amorphous. Wu et al. (2005) suggested that Mt might transform intoother new phases (e.g. spinel, quartz) as the temperature increases to
a high level. The peak around 2θ = 20° which is the basal reﬂection
from (100) planes in Mt still appears for Mt600 and C–Mt800, but
almost disappears for Mt800, demonstrating the structure of clay
collapses more thoroughly without carbon in the interlayer as the tem-
perature goes up. The above results indicate that carbon monolayers
within the interlayer space can protect the layered structure of Mt.
Therefore, intercalated CV and Mt layers have mutual inﬂuence during
calcination: Mt layers as template can transform CV into carbon mono-
layer, while the formed carbonmonolayer in turn can help preserve the
layered structure of Mt layers. Similar ﬁndings have been reported by
Bakandritsos et al. (2004) during the calcination of sugar–Mt complex,
and the in-situ formed carbon monolayer (from sugar) can also help
to preserve the layered structure of Mt. As such, one would expect
that Mt may still function as template in synthesizing 2D nanomaterials
when higher calcination temperature is necessary.
3.3. FTIR and Raman spectroscopy characterization results
The infrared spectra of Mt, CV, CV–Mt, C–Mt, and calcined Mt were
recorded in this work (Fig. 3). The absorption bands at thewavenumber
of 3618 and 3420 cm−1 on the spectrum of Mt arise from the stretching
mode of structural \OH and water molecules, respectively (He et al.,
2004; Petit and Madejova, 2013). After the adsorption of CV, the
strength of these absorption bands decreases, indicating the decrease
of their concentrations on CV–Mt. Since CV does not contain OH groups
the decrease of the intensity of the 3618 cm−1 band could be ascribed to
the diluting effect by the adsorbed CV. Meanwhile, the decrease of
water concentration can be attributed to a more hydrophobic surface
of CV–Mt than Mt, as is the case for other organic cations intercalated
Mt (He et al., 2004). After calcination, the strength of both the two
absorption bands further decreases, indicating further loss of the
structural\OH and water for both C–Mt600 and C–Mt800, consistent
with the above thermal analysis results. On the other hand, the absorp-
tion band of structural\OH on the calcinedMt (i.e., Mt600 andMt800)
is hardly noticeable anymore. These results suggest that the intercalated






Fig. 4. Raman spectra of C–Mt600 and C–Mt800.
116 Q. Chen et al. / Applied Clay Science 100 (2014) 112–117The absorption bands at the wavenumber of 1171, 1363, and
1586 cm−1 for CV arise from the N\CH3 stretching vibration, N-
phenyl stretching vibration, and C_C stretching vibration, respectively
(Zhu et al., 2014). On CV–Mt, all the absorption bands of CV shift to
higher wavenumber, suggesting strong interaction between CV and
Mt. However, these absorption bands become invisible on the spectra
of both C–Mt600 and C–Mt800, implying complete decomposition of
CV on these samples.
Raman spectrum has been quite often used to study the structural
characteristics of carbonaceous materials with graphitic structure
(Kyotani et al., 1988; Ruiz-Hitzky et al., 2011). The Raman spectra in
the range between 1200 and 1800 cm−1 of C–Mt600 and C–Mt800
display two scattering bands at 1583 cm−1 (G-band) and 1354 cm−1
(D-band), while Mt has no obvious Raman peaks in this region
(Fig. 4). The former band is common in graphitic structure (i.e., sp2
carbon), while the later band arises from a disordered structure in
sp2-hybridized carbon system (Kyotani et al., 1988; Ruiz-Hitzky et al.,
2011). These two bands further prove the successful transformation
of CV into carbon materials with graphene-like structure within the
interlayer space of C–Mt600 and C–Mt800.3.4. Elemental analysis results
The contents of carbon and nitrogen on C–Mt were measured to
determine the transformation efﬁciency of these elements from CV
into carbon monolayer, and the composition of the obtained carbonTable 2






C–Mt800 10.7 0.52monolayer as well. Since Mt has extremely low contents of carbon and
nitrogen (Table 2), one can expect that carbon and nitrogen on CV–Mt
and C–Mt exclusively come from CV. Calcination of CV–Mt can cause
signiﬁcant decrease of carbon content, i.e., from 22.2% to 11.6% for
C–Mt600 and to 10.7% for C–Mt800. In addition, approximately 25%
and 26% mass loss happened for CV–Mt during calcination up to 600
and 800 °C, respectively (Fig. 1c). As such, the transformation ratio of
carbon from CV–Mt to C–Mt can be calculated using the equation
RC ¼ f C–Mt  1− fmassð Þ= f CV–Mt
where RC is the transformation ratio of carbon; fC–Mt is the carbon
content of C–Mt; fmass is the mass loss during calcination; and fCV–Mt is
the carbon content of CV–Mt. The calculated values for C–Mt600 and
C–M800 are approximately 40% and 37%, respectively.
Mass loss ratio of nitrogen is more apparent during calcination, i.e.,
from 3.24% to 0.97% for C–Mt600 and to 0.52% for C–Mt800. According-
ly, its transformation ratios are approximately 22% for C–Mt600 and 12%
for C–Mt800. As such, the atomic ratio of carbon to nitrogen is about 8
for CV–Mt, while it increases to about 14.0 for C–Mt600 and further to
about 24.0 for C–Mt800. Therefore, the obtained product with Mt
interlayer is actually N-doped carbon monolayer, and it is possible to
regulate its carbon/nitrogen atomic ratio by simply controlling the
calcination temperature.
The above results clearly show that by this simple calcination
method the usedMt after adsorption of cationic dye can be transformed
into carbon monolayer–Mt nanocomposites. Previous studies have
shown that this type of nanocomposites has quite wide applications.
For example, they can be directly used as adsorbents for organic
compounds (Bakandritsos et al., 2005; Putyera et al., 1994), and they
have also been used as precursor for synthesizing derivative
nanomaterials (Bandosz et al., 1994, 1996; Leboda et al., 2005; Zhang
et al., 2012). One of the interesting nanomaterials is the graphene-like
material, which can be obtained by removing Mt layers from the
nanocomposites (Bandosz et al., 1994, 1996; Leboda et al., 2005). This
method can be especially practical in synthesizing doped graphene-
like material since the cationic dyes always contain other elements be-
sides carbon. Interestingly, the atomic ratio of carbon/doping-element
may be controllable by simply changing calcination temperature.More-
over, since the doping atoms come from each dye cation, one may ex-
pect that these doping atoms will distribute quite uniformly in the
resulting doped graphene. As doping and defects in graphene
can always add novel properties to graphene, the resulting materials
are drawing increasing interests from different scientiﬁc research
communities (Terrones et al., 2012). As such, the method showed in
this work can be practical in disposing the used Mt and in synthesizing
novel doped graphene-like materials.
4. Conclusions
The usedMt after the adsorption of cationic dyes can be transformed
into carbon monolayer–Mt nanocomposites by calcination under N2
protection. XRD characterization results showed that interlayer spacing
of the resulting C–Mt is only 0.38 nm, close to the thickness of a single
graphene layer (0.34 nm), indicating the formation of carbon monolay-
er within the interlayer space. FTIR spectroscopy results indicated the
complete decomposition of the adsorbed CV after calcination, while
Raman spectroscopy results clearly showed the presence of D-band
and G-band on C–Mt. These results further proved the transformation
of CV into carbonmonolayer after calcination. Elemental analysis results
indicated that approximately 40% of carbon and 22%of nitrogen fromCV
transformed into carbon–monolayer at 600 °C calcination, indicating
the formation of N-doped carbon monolayer. With increasing calcina-
tion temperature, the transformation ratios of both carbon and nitrogen
decrease while the atomic ratio of carbon/nitrogen increases. As such,
117Q. Chen et al. / Applied Clay Science 100 (2014) 112–117this work provided a feasible way for the disposal of the used Mt by
transforming it into nanocomposites.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.clay.2014.04.011.
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